ABSTRACT Four LMW-m and one novel chimeric (between LMW-i and LMW-m types) low-molecular-weight glutenin subunit (LMW-GS) genes from Aegilops neglecta (UUMM), Ae. kotschyi (UUSS), and Ae. juvenalis (DDMMUU) were isolated and characterized. Sequence structures showed that the 4 LMW-m-type genes, assigned to the M genome of Ae. neglecta, displayed a high homology with those from hexaploid common wheat. The novel chimeric gene, designed as AjkLMW-i, was isolated from both Ae. kotschyi and Ae. juvenalis and shown to be located on the U genome. Phylogentic analysis demonstrated that it had higher identity to the LMW-m-type than the LMW-i-type genes. A total of 20 single nucleotide polymorphisms (SNPs) were detected among the 4 LMW-m genes, with 13 of these being nonsynonymous SNPs that resulted in amino acid substitutions in the deduced mature proteins. Phylogenetic analysis demonstrated that it had higher identity to the LMW-m-type than the LMW-i-type genes. The divergence time estimation showed that the M and D genomes were closely related and diverged at 5.42 million years ago (MYA) while the differentiation between the U and A genomes was 6.82 MYA. We propose that, in addition to homologous recombination, an illegitimate recombination event on the U genome may have occurred 6.38 MYA and resulted in the generation of the chimeric gene AjkLMW-i, which may be an important genetic mechanism for the origin and evolution of LMW-GS Glu-3 alleles as well as other prolamin genes.
T HE wheat storage proteins named glutenin and gliadins are the major storage proteins in wheat endosperm and are the main determinants for breadmaking quality (Payne et al. 1987; Ma et al. 2005) . These proteins are heterogeneous in composition and exist in at least 50 individual components separable by electrophoretic techniques . According to their molecular weight, polymeric glutenins have been subdivided into high-molecular-weight (HMW) glutenins (HMW-GSs, 70,000-90,000 Da) and low-molecularweight (LMW) glutenins (LMW-GSs, 20,000-45,000 Da) (D'Ovidio and Masci 2004) . The LMW-GSs are the main components of storage protein, accounting for $60% of the total protein in mature seed. It is known that LMW-GSs are important components of the giant gluten polymers that confer dough elasticity and extensibility (Wrigley 1996) . LMW-GSs have been divided into three groups on the basis of the first amino acid residue of N-terminal sequences, namely LMW-m (methionine), LMW-s (serine), and LMW-i (isoleucine) types (D'Ovidio and Masci 2004) . Genetic analysis showed that LMW-GSs were encoded by the complex Glu-3 loci on the short arms of homeologous group 1 chromosomes in hexaploid wheat (Singh and Shepherd 1988; Gupta and Shepherd 1990; Yan et al. 1999 ). In the past, an increasing number of LMW-GS genes have been isolated and characterized from common wheat (D'Ovidio and Masci 2004) and high allelic variations have been identified at the Glu-3 locus (Gianibelli et al. 2002; Yanet al. 2003a,b,c; An et al. 2005; Li et al. 2006) . A recent focus has been to isolate new LMW-GS genes from wheat related species, e.g., Triticum boeoticum (Lee et al. 1999) , T. monoccocum , Aegilops tauschii ( Johal et al. 2004; Pei et al. 2007) , and T. dicoccoides (Q. Li et al. 2008) . These genes may provide valuable resources for wheat quality improvement and knowledge for understanding the phylogenetics and evolution of the LMW-GS family.
There are four main structural regions in a typical LMW-GS gene (D'Ovidio and Masci 2004) : a signal, a short N-terminal, a repetitive domain, and a C-terminal that generally contains three distinctive subregions. The gene sizes vary, depending mainly on the number of repeats in the repetitive domain, normally ranging from 12 to 25 amino acid residues. The extensive allelic variation among both LMW-GS and HMW-GS genes are due mainly to single nucleotide polymorphisms (SNPs) and insertions/deletions (indels) of repetitive units ( Johal et al. 2004; Yan et al. 2004; An et al. 2006; Zhang et al. 2006; Li et al. 2008) . It was speculated that the genetic mechanisms for these variations may result from unequal crossing over and slippage during replication and dot mutation (Anderson and Greene 1989; D'Ovidio et al. 1996; An et al. 2006) .
Aegilops is the closest relative to Triticum among 20 categories of Triticeae species. Among these, Ae. neglecta
, and Ae. juvenalis (2n ¼ 6x ¼ 42, DDMMUU) have been confirmed to possess many useful genes for wheat improvement (Li et al. 2003; Smith et al. 2004) . In this study, we isolated and characterized five novel LMW-GS genes from three Aegilops species; in particular, a novel chimeric gene, designed as AjkLMW-i, was recovered from both Ae. kotschyi and Ae. juvenalis. A possible molecular mechanism of the origin and evolution of the Glu-3 gene family is proposed.
MATERIALS AND METHODS
Plant materials: Ae. neglecta accession PI298897, Ae. kotschyi accession PI226615, and Ae. juvenalis accession PI330485 were kindly provided by the International Maize and Wheat Improvement Centre (CIMMYT), Mexico.
RT-PCR: Seed endosperm mRNA was extracted 15 days after flowering from accession PI298897, PI226615, and PI330485. cDNA synthesis was carried out with oligo(dT) from $100 ng mRNA using Superscript first-strand synthesis system (Invitrogen). Subsequent PCR amplification was preformed with the synthesized 1-ml cDNA as template and with the primers 1 1 2 and 3 1 4:
1. 59-ATg AAg ACC TTC CTC gTC TTT g-39 2. 59-TCA gTA ggC ACC AAC TCC g-39 3. 59-ATC ATC ACA AgC ACA AgC ATC-39 4. 59-TTC TTA TCA gTA ggC ACC AAC-39.
PCR amplifications were performed in a 25-ml reaction volume containing 1.25 units La Taq polymerase (TaKaRa), 50 ng of template DNA, 12.5 ml 23 GC buffer I (MgCl 21 plus), 0.2 mm dNTP, and 0.25 mm of each primer. The reaction was carried out in a PTC-100 (MJ Research): 94°for 5 min to denature the template DNA, 35 cycles at 94°for 1 min, 58°for 1 min, 72°for 90 sec, and a final extension at 72°for 10 min.
PCR products were separated by 1.0% agarose gels and the expected fragments were purified from the gels using Quick DNA extraction kit (TaKaRa). The purified products were ligated into pGEM-T Easy vector (Promega) and transformed into cells of the Escherchia coli DH-5a strain. DNA sequences were obtained from three clones using the primer walking technique (performed by Sangon Biotech, Shanghai).
Sequence comparison and identification of SNPs: Complete amino acid sequences were used to perform multiple alignment of different LMW-GS proteins by using Bioedit 7.0 software, and the SNPs were identified by means of multiple alignments of different LMW-GS genes from Triticum species.
Expression and detection of cloned LMW-GS genes in E. coli: Three pair primers were designed to amplify newly cloned LMW subunit DNA sequences: 59-AAg ggA TCC AAT TTC ACA gC-39 (XhoI) 59-AgT CTC gAg TCA gTA ggC ACC-39 (BamHI) 59-AAg ggA TCC ATg gAg ACT Ag-39 (XhoI) 59-AAT CTC gAg TCA gTA ggC ACC-39 (BamHI) 59-Tgg CAT ATg ATg AAg ACC TTC C-39 (NedI) 59-TTA CTC gAg gTA ggC ACC AAC-39 (XhoI).
The template was the cloning vector DNA purified from DH5a, and the PCR amplification was performed as described above. The nucleotide sequence coding for mature proteins of cloned new genes were amplified by these three pairs of primers. The restriction sites (underlined above) were incorporated into the 59-end of each primer. The purified PCR products were cloned into pMD18-T simple vector (TaKaRa) and sequenced by Sangon. Subsequently, the separated vectors from positive clones were digested by BamHI and XhoI, and purified DNA fragments were then ligated into the expression vector pGEX-4T-2. E. coli BLR (DE3) plysS cells were transformed with the pET-30a and pGEX-4T-2 plasmids containing the cloned LMW subunit genes with and without the signal sequences, respectively. Positive clones confirmed by PCR were selected and then grew on LB medium. After reaching 0.6 OD, the cells were induced by adding 0.5 mm IPTG and incubated for 4 hr at 150 rpm and 37°.
Extraction and detection of expressed proteins by SDS-PAGE and Western blotting were performed according to X. .
Phylogenetic analysis: The homology tree was constructed by using the complete gene sequences and DNAMAN5.2.2 software. The neighbor-joining tree was used to calculate the divergent times of different genomes and genes with MEGA3 (Gaut et al. 1996; Kumar et al. 2004) according to the signal peptide and conservative domain V of LMW-GS genes. The evolutionary rate of 6.5 3 10 À9 substitutions/site/year was used according to Allaby et al. (1999) .
RESULTS AND DISCUSSION

PCR amplification and cloning of LMW-GS genes:
Since there are numerous LMW-GS pseudogenes present in wheat endosperm, cDNA was used as templates for RT-PCR amplification (Figure 1 ). One clear PCR product of $900 bp from Ae. juvenalis, Ae. Kotschyi, and Ae. neglecta was obtained by using the primer 1 1 2 while another PCR product with $1000 bp in Ae. neglecta was amplified with the primer 3 1 4. The two fragments, corresponding to the size of the coding region of LMW-GS genes, were sequenced and five novel LMW-GS genes from three Aegilops species were obtained, including four LMW-m (AnLMW-m1-4) type genes from Ae. neglecta and a LMW-i (AjkLMW-i) type gene from both Ae. kotschyi and Ae. Juvenalis, according to the first amino acid residue of the N-terminal sequence. The AjkLMW-i gene of 897 bp was isolated from two Aegilops species containing the common U genome, indicating that it is located on the U genome. The AnLMW-m1 gene amplified by the primer 1 1 2 from Ae. neglecta was 906 bp in length while the AnLMW-m2, AnLMW-m3, and AnLMW-m4 by the primer 3 1 4 was 903, 906, and 903 bp, respectively. The five novel genes were deposited in EMBL with the accession nos. EF536030, EF536031, EF536032, EF536033, and EF536034.
Molecular characterization of the cloned genes and expression in E. coli: The multiple alignments of 5 cloned genes with other 10 different LMW-GS genes retrieved from EMBL ( Figure 2 ) revealed that, apparently, the AnLMW-m1-4 genes possessed the typical structural characteristics of LMW-m-type genes in the signal peptide, N-terminal domain, repetitive domain, and the three subregions of the C-terminal domain, as well as eight conserved cysteine residues. The signal peptide sequences were highly conserved in the 4 cloned LMW-m genes and no dot mutation or insertion/ deletion was presented in this domain. Compared to other LMW-m type genes, their eight cysteine residues and positions showed high similarity, suggesting that the U and M genomes had LMW-GS loci similar to those of the A, B, and C genomes in common wheat.
Since the previous reported LMW-GS genes were from different Triticum and Aegilops genomes ( Johal et al. 2004; An et al. 2006) , there contained considerable SNP variations in the repetitive and C-terminal domains. A total of 20 SNPs resulted from point mutation, but indel variations were detected among the four cloned LMW-m-type genes, which scattered in the different domains, except the signal peptide and N-terminal domains (Table 1) . Of 20 SNPs, 13 were nonsynonymous SNPs and produced amino acid substitutions.
As typical LMW-i genes, the deduced amino acid sequences of the AkjLMW-i gene had no N-terminal domain, and began at ISQQQQQ. However, some unique structural characters occurred in the AkjLMW-i gene. It contained only seven cysteine residues, of which the positions were conservative for the LMW-m type, which is not a characteristic of the LMW-i-type genes. The third cysteine residue, a characteristic in the LMW-i-type genes, was substituted with arginine residue in the cysteine-rich domain. In addition, the position of another cysteine residue was similar to that of LMW-m-type genes in the glutamine-rich region as shown in Figure 2 . Furthermore, large fragment deletions and substitutions presented in the AkjLMW-i gene were similar to LMW-mtype genes in III, IV, and V domains. Therefore, the cloned AkjLMW-i gene was a novel chimeric gene, which possessed characteristics of both LMW-i (1-43 residues) and LMW-m (44-298 residues) type genes.
Five cloned LMW-GS genes were expressed in E. coli by two kinds of expression vectors (pGEX-4T-2 and pET-30a) to confirm their authenticity. The nucleotide sequences coding for mature proteins and complete open reading frames with signal sequences were amplified with primers 1 1 2, 3 1 4, and 5 1 6 and then ligated into each expression vector. Three genes (AnLMW-m1, AnLMW-m2, and AnLMW-m3) were successfully expressed with both expression vectors, and the fusion proteins expressed in E. coli were identified by SDS-PAGE (Figure 3 , a and b) and Western blotting ( Figure  3c ). However, the expressed proteins of the other two genes were not detected.
Phylogenetic analysis among LMW-GS and other storage protein genes: The 27 gene sequences coding for LMW-GS, gliadins, and hordeins from GenBank were used to construct a homology tree, including 3 LMW-s-type, 12 LMW-m-type, and 5 LMW-i-type glutenin genes as well as 4 gliadins and 3 hordein genes from different species and genomes (Figure 4) . In general, Dand C-hordein and v-gliadin genes were clustered in different groups while LMW-GS and B-hordein genes, more closely related to a-and g-gliadin genes, were clustered in a separate group. With the LMW-GS gene group, three types of LMW-GS genes were divided into different subgroups but LMW-s-and LMW-m-type genes were shown to have higher homology. These results were consistent with their sequence characteristics and recent reports of An et al. (2006) and Pei et al. (2007) . Particularly, the AjkLMW-i gene located on the U genome was clustered in the same subgroup with other LMW-m-type genes and shared 86% homology. This was in agreement with its sequence characteristics that most repetitive domains and the C-terminal domain of AjkLMW-i displayed higher similarity with those of LMW-m-type genes. The four LMW-m-type genes isolated from Ae. neglecta were clustered with the other two LMW-m genes from Ae. geniculata (EF188287) and Ae. comosa (EF649990) (Figure 4 ) and therefore could be assigned to the M genome.
On the basis of estimates of divergence of the glutenin gene sequences using an extensive literature Origin of the chimeric gene and molecular mechanisms of allelic variations and evolution at Glu-3 loci: LMW-GS encoded by Glu-3 loci and HMW-GS by Glu-1 are complex gene families. The molecular characteristics of glutenin genes can reveal primary genetic mechanisms for their allelic variations as well as origin and evolution. First, a number of SNP variations resulted from dot mutation in glutenin genes, as shown in this study and recent reports Zhang et al. 2006) , may lead to nonsynonymous SNP and various amino acid substitutions, resulting in extensive allelic variations among LMW subunits. Second, indels, duplications, and inversions of one and more repeats by un- equal crossing over or slippage (Anderson and Greene 1989) could result in striking expansion or contraction of glutenin genes. This mechanism could be strongly supported by several unusual HMW and LMW glutenin genes (D'Ovidio et al. 1996; .
Recently, different chimeric genes among wheat storage protein loci, have been identified, such as a ggliadin/LMW-GS chimeric gene from an old Hungarian wheat variety (Nagy et al. 2005 ) and a HMW-GS y-/x-type chimeric gene from Pseudoroegneria stipifolia (Z. ). In addition, numerous chimeric genes were separated and characterized from various plant species (Lumbreras et al. 2001; Hedgcoth et al. 2002) and from bacteria, yeast, Drosophila, and mammals (Roth and Wilson 1986; Allgood and Silhavy 1988; Arguello et al. 2006) . It was obvious that the chimeric genes were generated by recombination and crossing over among different genes and coding loci as suggested by Nagy et al. (2005) .
It is well documented that LMW glutenin subunits are encoded by multigene families at the Glu-3 loci of the A, B, and D chromosomes of common wheat (D'Ovidio and Masci 2004) . Some other genomes, e.g., U and M from related species, also contain similar coding loci as shown in this work. The copy numbers of LMW-GS genes in common wheat were estimated to have 10-15 (Harberd et al. 1985) or 35-40 (Sabelli and Shewry 1991; Cassidy et al. 1998) . Until now, the precise gene organizations at Glu-3 loci of different genomes are still not clear. A recent report demonstrated that two LMW-i-type genes from the A genome of Triticum monococcum were located separately by .150 kbp (Wicker et al. 2003) . Additionally, a single locus could encode different types of LMW-GS genes; for example, both LMW-s and LMW-m subunit genes appeared to be present at the Glu-B3 locus in the common wheat cultivar Norin 61 (Ikeda et al. 2006) . The Glu-A3 locus could encode m-type (Lee et al. 1999 ) and i-type LMW-GS (Cloutier et al. 2001; Zhang et al. 2004; An et al 2006; Li et al. 2008) . Consequently, it could be deduced that each Glu-3 locus might encode more than one type of LMW-GS. On the basis of these facts, it is possible that both LMW-i and LMW-m subunit genes locate at the Glu-U3 locus of the U genome and that the crossing over between them results in the generation of the chimeric AjkLMW-i gene.
According to our results and previous reports described above, we proposed several molecular mechanisms for the origin and evolution of the AjkLMW-i gene, which may be applicable to other chimeric genes ( Figure 5 ). The Holliday model (single-stranded invasion mode) and double-stranded break-repair path- 
Italics indicate SNPs in the four LMW-m genes.
Figure 3.-SDS-PAGE and West blotting detection of induced fusion proteins in different expression vectors. (a) AnLMW-m1, AnLMW-m2, and AnLMW-m3 genes without signal sequences were expressed in pGEX-4T-2 plasmid. The fusion proteins, including GST-tag with $26 kDa, are shown. Lane 1: protein maker. Lane 2: CK (empty vector). Lanes 3-5: the fusion proteins of AnLMW-m1, AnLMW-m2, and AnLMW-m3 subunits are indicated by arrows. (b) AnLMW-m1, AnLMW-m2, and AnLMW-m3 genes with signal sequences amplified by primer 5 1 6 were expressed in pET-30a plasmid. The fusion proteins included an additional sequence coding His-tag with $840.86 Da of six amino acid residues in the downstream sequence of the insertion site of the pET-30a vector. Lane 1: CK (empty vector). Lanes 2-4: AnLMW-m1, AnLMW-m2, and AnLMW-m3 subunits indicated by arrows. (c) Western blotting detection of the fusion protein of the AnLMW-m1 gene expressed in E. coli. Lanes 1 and 2 are the induced proteins from bacterial medium, which were transformed with the positive and negative pET-30a plasmids, respectively. Lane 3 is the expressed protein (arrow) strongly hybridizing to the anti-His Tag mouse monoclonal antibody, but without any signal to bacterium. way theoretically could explain the general genetic mechanisms of homologous recombination and crossing over between LMW-i and LMW-m genes of Glu-3 loci. As shown in Figure 5a , two nicks could occur in both non-sister chromatids in the synaptonemal complex, and then Holliday junction could be produced. As the result of the resolution of the branch in LMW-i-and LMW-m-type genes, two chimeric genes were formed. In the double-stranded break-repair pathway, double strands were broken in the same sites of the LMW-i-type gene and were digested from 59 to 39 as shown in Figure  5b . Subsequently, a bare single strand was intruded into the other chromatids and partnered with one of the chromatids. The other chromatid was used as template to synthesize a new sequence. After the resolution of the branch, the new chimeric gene was generated.
In addition to a basic homologous recombination mechanism, illegitimate (nonhomologous) recombination may be an important molecular mechanism involved in the generation of the chimeric AjkLMW-i gene, which requires only a few base pairs of sequence identity (Wicker et al. 2003) or even no sequence homology (Arguello et al. 2006) . Our study revealed that a direct repeat (DR) was presented in both typical LMW-i and LMW-m-type genes, as shown in Figure 2 , which could facilitate the illegitimate recombination events. Furthermore, intrastrand recombination between direct repeats could result in a DR deletion and generation of the novel chimeric AjkLMW-i gene (Figure 5c ). According to the constructed neighbor-joining tree, this novel gene could originate from a primitive LMW-i-type gene of the U genome and the illegitimate recombination event probably occurred $6.38 MYA.
It is believed that both homologous recombination and illegitimate recombination will result in formation of novel genes. However, recent studies have shown that illegitimate recombination may be an important genetic mechanism driving genome expansion and contraction and modular protein evolution throughout the tree of life (Patthy 1999; Devos et al. 2002; Katju and Lynch 2003) . More recently, an X-linked testes chimeric gene by illegitimate recombination in Drosophila has been identified (Arguello et al. 2006) , and illegitimate recombination can result in a large fragment deletion in Glu-D-1-1 genes and generation of new alleles (Zhang et al. 2008) . In wheat, eight chimeric genes resulting from g-gliadins and LMW-GS genes were found, which supposedly resulted from crossing over between the Gli-1 and Glu-3 loci (Nagy et al. 2005) . However, since Gli-1 and Glu-3 are closely linked and their mapping distance is $100 kb (Spielmeyer et al. 2000) , homologous recombination and exchange between them are rare although interlocus recombination was observed in different Triticum species (Dubcovsky et al. 1997) . Furthermore, it is very difficult to produce crossing over between genes at the same locus via homologous recombination. Thus, nonhomologous illegitimate recombination is most likely to be responsible for forming these chimeric genes. The recent findings of a chimeric HMW-GS gene from the S t genome of P. stipifolia (Z. ) and a large fragment deletion in a HMW glutenin subunit gene resulting from illegitimate recombination through bacterial expression (Zhang et al. 2008) strongly support this hypothesis. Considering that different direct repeats are commonly present in storage protein genes, and that the i-and m-types of Red and blank frame represented LMW-i-and LMW-mtype genes, respectively. Two nicks took place in two nonsister chromatids in synaptonemal complex arrowed in 1. Subsequently, Holliday junction and the branch migration were produced and are indicated by single arrow in 2. As the result of the resolution of the branch in the LMW-i-and LMW-m-type genes in 3, the chimeric gene was formed as indicated with a black arrow in 4. (b) Double-stranded break-repair pathway. Double strands were broken in the same sites of the LMWi-type gene and digested from 59 to 39 as arrowed in 1. Subsequently, a bare single strand intruded into the other chromatids and partnered with one of the chromatids, and the other chromatid was used as template to synthesize a new sequence as shown in 2-4. After the resolution of the branch, the new chimeric gene was produced as arrowed in 5. (c) Illegitimate recombination mechanism. Through the DR coding for nonapeptide (QQPPFSQQQ), the intrastrand recombination occurred in the U genome, and then the novel chemeric gene was generated by crossing over between LMW-iand LMW-m-type genes. This illegitimate recombination event was estimated to have occurred $6.38 (61.62) MYA.
LMW-GS genes may locate separately at a single Glu-3 locus, these could facilitate occurrence of illegitimate recombination events. It could be concluded, therefore, that illegitimate recombination is a more important genetic mechanism for the origin and evolution of LMW-GS and other storage protein genes, although multiple possible genetic hypotheses exist.
